The flow of a micropolar fluid in a porous channel with expanding or contracting walls is investigated. The governing equations are reduced to ordinary ones by using similar transformations. Homotopy analysis method (HAM) is employed to obtain the expressions for the velocity fields and microrotation fields. Graphs are sketched for the effects of some values of parameters, especially the expansion ratio, on the velocity and microrotation fields and associated dynamic characteristics are analyzed in detail. 
Introduction
Laminar flow studies in porous pipe or channel with expanding or contracting walls have received considerable attention in recent years due to their relevance in a number of biological and engineering models. These include the transport of biological fluids through contracting or expanding vessels, the synchronous pulsation of porous diaphragms, the air circulation in the respiratory system and the regression of the burning surface in solid rocket motors. Especially the flow of a particular fluid in biological organisms is often treated as to be in a porous expanding or contracting vessel. For example, a valved vessel exhibits deformable boundaries and alternating wall contractions produce the effect of a physiological pump. The flow in the lymphatics also exhibits a similar behavior character [1] . Uchida and Aoki [2] first examined the viscous flow inside an impermeable tube of contracting cross section. Ohki [3] investigated unsteady flow in a semi-infinite tube with porous, elastic wall whose length varied with time, but its cross section did not vary. In order to simulate the laminar flow field in cylindrical solid rocket motors, Goto and Uchida [4] analyzed the laminar incompressible flow in a semi-infinite porous pipe whose radius varied with time. Bujurke et al. [5] obtained series solution for unsteady flow in a contracting or expanding pipe. Ma, Van Moorhem and Shorthill [6, 7] and Barron, Van Moorhem, and Majdalani [8] first achieved experimentally the time-dependent motion in a long rectangular channel with porous walls. They all used the sublimation process of carbon dioxide to simulate the injection process at the walls. As a result, the walls of their channel expanded during the sublimation process. Majdalani, Zhou [9, 10] and Dauenhauer [11] obtained both numerical and asymptotic solutions for different Reynolds numbers. Adamkowski [12] proposed a mathematical model based on the one-dimensional theory of the unsteady flow for the problem of transient flow of liquid in tapered or expanding pipes. Asghar et al. [13] used various Lie point symmetries to reduce a complex system to an easy-tohandle second-order ordinary differential equation system in combination with the conservation laws for the model of viscous flow between slowly expanding and contracting walls and extended the very restricted results obtained in [14] . More recently Asghar et al. [15] discussed the flow in a slowly deforming channel with weak permeability using Adomian decomposition method (AMD). Dinarvand et al. [16, 17] obtained analytical approximate solutions for two-dimensional viscous flow through expanding or contracting gaps with permeable walls. Si et al. [18] obtained the analysis solutions for the asymmetric laminar flow in a porous channel with expanding or contracting walls using HAM. Srinivasccharya et al. [19] discussed numerically the flow and heat transfer of coupled stress fluid in a porous channel with expanding and contracting walls and they assumed that the walls of the channel had a different temperature.
It is well known that many of the industrially and technologically important fluids behave like a non-Newtonian fluid. Eringen [20, 21] formulated the theory of micropolar fluids and derived constitutive laws for the fluids with microstructure. A mathematical model was proposed to describe the non-Newtonian behavior for the liquids such as polymers, colloidal suspensions, animal blood, liquids crystals etc. A through review of the subject and application of micropolar fluid mechanics was provided in Refs. [22] [23] [24] . Ramachandran et al. [25] studied the heat transfer of a micropolar fluid past a curved surface with suction and injection using Van Dyke's singular perturbation technique. Anwar Kamal and Hussain [26] examined the steady, incompressible and laminar flow of micropolar fluids inside an infinite channel where the flow was driven due to a surface velocity proportional to the streamwise coordinates. The governing equations were solved using SOR method. Kelson and Farrell [27] analyzed the flow of a micropolar fluid over a stretching sheet with strong suction or injection. Ziabakhsh and Domairry [28] , Joneidi et al. [29] discussed the micropolar fluid in a porous channel by homotopy analysis method (HAM). However, very little reports were found in literature for micropolar fluids with expanding or contracting walls. Motivated by the above mentioned works, in this paper we extend previous investigations to the flow of a micropolar fluid in a porous channel with expanding or contracting walls. The series solution is presented by HAM developed by Liao [30, 31] , which has been successfully applied to several non-linear problems [32] [33] [34] [35] [36] [37] . In this paper, the effects of different parameters, especially expansion ratio, on the velocity and microrotation fields are studied and shown graphically.
Statement of the problem and governing equations
Consider the unsteady micropolar fluid in a porous semiinfinite channel with expanding or contracting walls. The distance 2 ( ) between the porous walls is much smaller than the width and length of the channel. One end of the channel is closed by a complicated solid membrane. Both walls have equal permeability and expand or contract uniformly at a time-dependent rate˙ ( ). As shown in Fig. 1 , a coordinate system may be chosen with the origin at the center of the channel. Take and to be coordinate axes parallel and perpendicular to the channel walls and assume , to be the velocity components in the and directions and N to be microrotation, respectively. Under these assumptions, the governing equations are expressed as follows [38] 
where ρ ν are the density, kinematic viscosity, and γ κ are the microinertial per unit mass, spin gradient viscosity and vortex viscosity, respectively. Here γ is assumed to be [39] 
in which µ is the dynamic viscosity and we take = 2 as the reference length. According to [40] , we also assume that there is a strong concentration of microelements and the microelements close to the wall are unable to rotate.
The appropriate boundary conditions are
where A = ˙ is the injection coefficient, which is the measure of wall permeability. Motivated by the definition of the stream function [2, 10, 11] , in this paper we define
Substituting (5), (8) into (1), (2), (3), (4), one obtains the differential equations
where K = κ µ and α is the wall expansion ratio defined by α = ˙ ν , the expansion ratio is positive for expansion and negative for contraction. The appropriate boundary conditions are
where R is the permeation Reynolds number defined by
In physical meaning, R is positive for suction and negative for injection. Substituting equations (13) into (9), (10) , (11), (12) , the PDEs (9), (10) and the corresponding boundary conditions (11), (12) become
1 +
A similar solution with respect to both space and time can be developed following the transformation described by Uchida and Aoki [2] , Majdalani et al. [10] and Dauenhauer and Majdalani [11] , respectively. This can be accomplished by considering in the case: α is a constant and = (η), it leads to ηη = 0. Similarly, in the present paper we also assume that = (η). From a physical standpoint [2, 10, 11, 14] , our idealization is based on a decelerating expansion rate that follows a plausible model according to which
where 0 and˙ 0 denote the initial channel height and expansion ratio, respectively. As a result, the rate of expansion decreases as the internal radius increases. Integrating equation (18) 
Since
= A˙ and A = constant [10, 11] , then the expression for the injection velocity also can be determined. Under these provisions, the differential equations (14), (15) become
The boundary conditions are
When α = 0, this is the special case discussed by Ziabakhsh and Domairry [28] , Joneidi et al. [29] , Takhar et al. [30] .
HAM solutions for velocity and microrotation fields
Here we choose the initial guesses and auxiliary linear operators in the following form
with
where C ( = 1 − 6) are constants. Upon making use of above definitions, we construct the zero-order deformation problems
(−1 ) = 0
where ∈ [0 1] is an embedding parameter, is the auxiliary non-zero parameter. As increases from 0 to 1, (η ) ˆ (η ) vary from 0 (η) 0 (η) to (η) (η), respectively. Using Taylor's theorem, we can writê
The convergence of the two series is strongly dependent upon . Assume that is chosen so that the series (33), (34) are convergent at = 1. From Eqs. (33), (34) we have
Differentiating Eqs. (27) , (29) times with respect to , then setting = 0, and finally dividing them by !, we obtain the following th-order deformation problems
(−1) = 0
where
The general solutions of Eqs. (37), (40) are
in which * (η) * (η) denote the special solutions of Eqs. (37), (40) and the integral constants C ( = 1 − 6) are determined by employing the boundary conditions (38), (41). In this way it is easy to solve the linear non-homogeneous equations (37) , (40) by using Maple one after the other in the order = 1 2 3 .
Results and discussion
As pointed out by Liao [30, 31] the convergence of the two series (35) , (36) depends upon . The values of determine the convergence region and the rate of approximation for HAM. For this purpose the -curves are plotted in Fig. 2 for different approximations. The range for the admissible values of is −0 9 < < −0 2. In order to see the effects of R α K on the velocity and micro-rotation fields , the proper value of = −0 4 is chosen. As a result, we can get convergent HAM series solution on the 20-th approximation. The graphical presentation of the influence of α on (η) (η) (η) are given in Figs. 3, 4 for fixed K R . When α = 0, the wall is stationary. When α = 0, the maximum of the streamwise velocity increases with increasing α. The profiles of the streamwise are symmetric and the maximum of the streamwise velocity lies at the centre of the channel whether α is positive or not. Fig. 5 presents profiles of the microrotation to reflect the influence of variations in the expansion ratio on its behavior. As a general trend, irrespective of the variation in R , the microrotation changes its concavity at the centre of the channel. In the lower half the profiles are concave upward whereas in the upper half they are concave downward. The magnitude of the maximum microrotation is increased with the increase of α. Figs. 6, 7 depict the behavior of the microrotation and streamwise velocity for different values of the Reynolds number R as the channel is expanding (i.e. α > 0) or contracting (i.e. α < 0). The profiles of the streamwise velocity are symmetric and the maximum of the streamwise velocity lies at the centre of the channel whether R is positive or not. When the channel is expanding, the maximum of the streamwise velocity becomes bigger with the increase of R . However, when the wall is contracting, the maximum of the streamwise velocity is a decreasing function of R . The profile of the microrotation for expanding walls (i.e. α > 0) shows the similar trend compared to The effects of K on the velocity and microrotation are illustrated in Figs. 8, 9, 10 for fixed values of positive R α. When the walls are expanding, the maximum of the streamwise velocity is increased by the decreasing K and there exists a minimum point between the centre and the wall. However, the minimum point disappears gradually with the decreasing α. The maximum of the microrotation is put forward to the wall and becomes small. When the channel is contracting (α < 0), the maximum of the streamwise velocity, which lies the centre of the channel, is increasing with K . The maximum of the microrotation also is put forward to the wall and becomes bigger.
Conclusion
In this article, the velocity and microrotation fields of the flow are analyzed for a micropolar fluid in a porous channel with expanding or contracting walls. The governing non-linear equations are solved using HAM. The problem of the symmetric channel flow with both permeable stationary walls is a special case of the present paper corresponding to the parameter α = 0. The effects of the permeation Reynolds number R , expansion ratio α, and the parameter K on the flow variables are studied. The results indicated that the parameters R K and α have significant influence on the dynamic behavior of velocity and microrotation fields.
